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INTRODUCTION
Cuu Long basin is a Tertiary rift basin situated on the southern shelf of Vietnam. It stretches out an area of roughly 36,000 km 2 . As so far, the Cuu Long basin is being estimated the largest petroleum reserve in Vietnam with Bach Ho, Rong, Rang Dong, Hong Ngoc, Su Tu Den, etc. exploiting wells [1] . According to the previous investigation, the Oligocene sandstone reservoir rocks are estimated the good hydrocarbon reservoir quality [2] . However, the properties of Oligocene sandstones are unstable as the porosity is varying from low to high levels and these sandstones are being explored and exploited hydrocarbon in the Cuu Long basin [1] .
Authigenic clay mineral assemblages in Oligocene sandstone reservoir rocks are an important role in hydrocarbon exploration because they have significant effects on sandstone properties in terms of porosity and permeability. The properties are related to hydrocarbon reservoir quality and fluid flows through pores in sandstones. Authigenic clay minerals are formed during post depositional processes. Clay minerals are distinct distribution pattern and morphologies. Therefore, the investigation of the authigenic clay mineral assemblages, which are formed in pore spaces of the Oligocene sandstone reservoir rocks in the Cuu Long basin, not only qualifies the change in porosity and permeability during the diagenetic processes of rocks, but also allows to estimate the amount of reserved oil in the reservoir rocks.
METHODS
To study the formation of authigenic clay assemblages in pore spaces, sandstones were collected from core samples in Oligocene sequence of a well in the Cuu Long basin at the depth from 3,700 m to 4,200 m, offshore Vietnam. Then selected samples were analyzed by thin section petrography, scanning electron microscopy (SEM), energy dispersive X-ray system (EDX).
Optical microscopy: Pores within sandstones were stained blue epoxy resin. Thin sections were either polished or covered with glass after staining. All thin sections were studied with petrographic microscope under plane and cross polarized light. The investigation reveals the characteristics of detrital grains, texture, authigenic minerals and porosity. Determination of mineral composition and visible porosity was performed by the point counting data of 300 points per thin section [3, 4] . The sandstone was classified as [5] classification. The grain size distribution of sandstone was measured by long diameter of 100 grains per thin section. The textural terminology as mean grain size, grain sorting, roundness and grain contacts was based on [6, 7] classifications.
Scanning electron microscopy (SEM) and energy dispersive X-ray system (EDX): Crystal morphology of the authigenic minerals, type of authigenic minerals, their relation to framework grains and pore network were examined with SEM and element analysis was done by EDX. This analysis reveals the texture and fabric of sandstone and aids to recognize the post depositional alteration. The sandstone samples were separated into small pieces and mounted on a sample holder. The samples were coated with a thin gold layer in a polar on sputter coater to improve the resolution. The scanning electron microscope JEOL (JSM-5600LV) system was operated with beam voltages of 20 kV and with 15 kV for the energy dispersive X-ray system (EDX). SEM images were taken digitally in secondary electron (SE) mode and as chemical element spectra.
RESULTS
The Oligocene sandstone reservoir rocks are varying from very fine to medium in grain size, poorly, moderately to well sorting. The sandstones with subangular, subround and round clastic grains indicate the sediments are transported not far from the supplied source. The grain to grain contacts are mainly point to point and parallel to the long axis of the grains, suggesting that the grains were mechanically compacted. At higher depth the grains were more strongly compacted so many of the contacts between grains have undergone solution leading to the penetration of one grain into another. Therefore, the grain contacts are concavo -convex. The most abundant component of the investigated sandstones is quartz, roughly 20% to 30% in total of sandstone volume. Less abundant amounts are alkaline feldspar 5%-15%, plagioclase 10% -20% with subordinate rock fragments such as volcanic rock, chert, quartzite and granite indicating that the clastic grains derived from weathered igneous and/or volcanic rocks. According to R. L. Folk 1974 Folk , 1980 , the sandstones are as classified arkose rocks, which are less than 15% detrital matrix (figure 1). With grain textural features, framework grains and inhomogeneous grain size showing that the detrital grains deposited in the environment with unstable flow energy. The previous investigations by Tran Le Dong and Phung Dac Hai, 2000 [1] demonstrated that the Oligocene sandstones were formed in fluvial environment and alluvial plain -lacustrine.
The porosity of the investigated sandstones, which are generated by arrangement of detrital grains, is highly controlled by diagenetic processes as cementation, compaction and dissolution. The result reveals that the pore spaces in the sandstones are varying and in low levels in estimation. The pores are occluded by clay matrix, carbonate cement and authigenic minerals. In addition, the visible porosity is enhanced by dissolution of less stable grains as feldspar, volcanic fragment, etc. (figure 1). The studied sandstones have undergone multiple diagenetic phases. Many authigenic minerals and cement generations are formed during diagenesis. Additionally, the dissolution of less stable minerals e.g. feldspar, volcanic fragment and color minerals is owing to pressure, temperature and chemistry changes that are supplying ions into pore spaces. This is favorable conditions for clay mineral precipitation. The clay mineral assemblages in pores are the main reason to deeply reduce porosity and permeability of the sandstones. The abundant clay minerals in the Oligocene sandstone reservoir rocks are chlorite and illite. The clays are distinct morphologies and multiarranged patterns in pores as well as on the grain coatings.
Observed illite is in multiple morphologies as illite filaments are either surrounding the detrital grains or replacing in leached unstable minerals such as feldspar, volcanic fragment, kaolinite, etc. Illite ribbons interweave in the form of pore-filling and pore-bridging (figure 2). SEM image shows authigenic illite with ribbons (Il) forming mats interwoven in pore space and chlorite (Ch) in pore space (image A). These illite ribbons like barriers to fluid flow through in pores. Image B is showing illite filaments (Il) released from the leached feldspar (F).
As investigated by Tran Van Nhuan, Bui Tri Tam, et al., 2013 [8] , illite was formed in the early diagenesis and extended to the burial diagenesis. Illite ribbons thus are created a baffle to fluid flow over pores suggesting that illite has a great effect on the permeability of rocks. Chlorite is probably generated in Fe-Mg rich pore waters with supplying Al and Si released from dissolved feldspars. In addition, chlorite occurs replacing less stable framework grains, which are ferromagnesian minerals e.g. biotite, volcanic rock fragment, porefilling cement and pore-lining cement. Chlorite is present a great volume in pores of the sandstone. Such chlorite as perpendicular to the grain surfaces is the main cause to decrease both the porosity and permeability of sandstones. Moreover, chlorite completely surrounding quartz surfaces partly limits the growth of quartz overgrowths. Locally, the mixture of illite-smectite or chloritesmectite occurs in a small proportion and less frequently in the sandstones. Therefore, these mixtures are not highly controlling the porosity and permeability of rocks.
DISCUSSION AND CONCLUSION
In the analyzed Oligocene sandstone reservoir rock sample, the main component of framework grains is quartz, alkaline feldspar, plagioclase and amounts of rock fragments. The sandstones are identified as arkose.
The detrital grains were deposited in the fluvial and alluvial plain -lacustrine environments. The sandstones have experienced multi diagenetic phases which are indicated by the appearance of authigenic clay minerals. This was demonstrated in a previous study by Tran Van Nhuan, Bui Tri Tam, et al., 2013 [8] . The morphology, amount and distribution patterns of the authigenic clay assemblages in the pore spaces were shown in the result. These illustrate that different clay minerals tend to have variable volume of porosity with them and can have different impacts on permeability because of occurrence in distinct morphologies and positions within pore network. This was evidenced by J.J. Howard, 1992 [9] and P.J. Stalder, 1973 [10] . Illite filaments coating on the grain surfaces may have less effect on permeability than interwoven at pore throats. While chlorites that grow perpendicular on the grain surfaces have more of an influence on permeability than coatings on the grain surfaces. Additionally, in case of chlorite, it depends significantly on distribution pattern that chlorite has a severe impact on both porosity and permeability of sandstones. These results illustrate the effects of authigenic minerals in sandstone reservoir rocks. This is an importantly additional step to estimate the reservoir quality. Furthermore, this is a significant feature for hydrocarbon exploration and exploitation.
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